Study design: Case-control study with pair-wise matching. Objectives: To investigate the level of locomotor performance in spinal cord injury (SCI) subjects. Setting: Spinal Cord Injury Center of Balgrist University Hospital in Zurich, Switzerland. Methods: Seven well-recovered SCI subjects and controls performed three tests: (1) 6-Min Walk Test (6MWT), (2) treadmill walking with full and restricted vision and (3) repetitive stepping over an obstacle. In the latter task, the subjects had to step over an obstacle as low as possible, without touching it. The subjects performed three blocks of 50 trials each. They received acoustic signals that indicated obstacle approach and foot clearance. During the third block, vision was restricted. The main outcome measures were: (1) distance walked, (2) leg muscle activity, joint kinematics and double-support duration, (3) foot clearance, number of obstacle hits, leg muscle activity, joint kinematics and swing phase duration. Results: (1) No difference in the 6MWT between the groups. (2) Independent from vision, the double-support duration was increased in SCI subjects. (3) SCI subjects learned generally at a slower rate. They touched the obstacle more frequently when vision became restricted. Furthermore, we observed differences between the groups in rectus femoris and tibialis anterior EMG activity and swing phase duration. Conclusion: It appears that even in well-recovered SCI subjects, small deficiencies in functional gait can be determined, which remain undetected by clinical walking tests. In addition, SCI subjects learned a locomotor task at a slower rate. This indicates that rehabilitation programs should train (adaptive) locomotion in different (sensory) environments.
Introduction
Assessment of the recovery of functional walking is an important issue in the rehabilitation of subjects with a spinal cord injury (SCI). It is needed to evaluate therapeutical approaches such as body weight supported (automated) treadmill training [1] [2] [3] [4] [5] to assess their effects on functional outcome. 6, 7 Novel therapeutic approaches should also be evaluated at a functional level. In SCI, clinical assessment tools have been developed for evaluating qualitative aspects of gait (Walking Index for Spinal Cord Injury, WISCI) 8, 9 or quantitative ones, such as timed walking tests. 10 However, these clinical assessments concentrate on straight unobstructed walking and do not assess the possibility to adapt the gait pattern to the behavioral goals of the patient and the environmental constraints, [11] [12] [13] which should be the final goal of rehabilitation.
14 Indeed, it is still largely unknown to what extent patients with an SCI could adapt to external demands. 15 Only a limited number of studies have investigated the locomotor capacity of patients with an SCI. It appeared that they walk with more attentional demand 13 and use different kinematic strategies when stepping over obstacles 14 or walking uphill. 16 Furthermore, they can adapt gait speed, but only within a limited range and are unable to increase stride frequency. 17 In addition, it is unknown whether SCI subjects experience differences in the acquisition of adaptive locomotor tasks during or after the rehabilitation program. Since improvement in motor performance strongly depends on feedback mechanisms, it could be expected that locomotor learning might be affected in SCI patients, since tactile and proprioceptive inputs are often impaired in SCI, as well as motor function.
Previously, Mulder and Geurts 18 introduced a task set for recovery assessment, in which four categories were defined: (a) In the basic condition, simple straight- The present pilot study tries to combine the two discussed issues: (1) can subjects with an SCI learn to adapt their walking pattern? and (2) can we determine the level of functional recovery in well-recovered SCI subjects as suggested by Mulder and Geurts? 18 We used several experimental paradigms to investigate the level of locomotor performance (1) in the basic condition, (2) when influenced by a perceptual manipulation and, (3) when influenced by a sensorimotor manipulation. We hypothesized that (1) no differences exist between patients and healthy controls in unobstructed level walking, (2) slight differences exist when vision becomes restricted and (3) clear differences exist in learning and performing a sensorimotor manipulated task.
Methods
A case-control study with pair-wise matching was chosen to assess differences in level walking and in obstacle stepping between ambulatory SCI patients and healthy controls. The study was approved by the local Ethics Committee. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research. All subjects were informed about the experiment and gave written consent.
Subjects
In Balgrist University Hospital, recovery of gait in SCI patients is documented using timed walking tests, such as the 6-Min Walk Test (6MWT). We used these data to select SCI subjects who had been admitted to the rehabilitation hospital at least 2 years ago and who had regained good walking function by the end of their rehabilitation program. Seven ASIA D patients were asked to participate in the experiment. They walked without the use of aids (WISCI II score of 20). 8 The patients were matched for age and gender with a convenience sample of control subjects. Anamnesis revealed that, besides SCI in the patient group, all subjects had no orthopedic, neurological or cardiovascular diagnosis. One patient was taking antidepressant medication. Both groups consisted of five male and two female subjects. The SCI patients were on average 37.0711.3 years old, 173.372.8 cm tall and weighed 67.9 kg. The time interval between SCI and the time of testing varied between 2 and 3 years. The controls were on average 37.1712.4 years old, 179.477.4 cm tall and weighed 68.475.2 kg. Specific characteristics of the patients are presented in Table 1 . Information about the lower extremity motor score (LEMS) at onset and 19 The SSEP latency provides information about the intactness of dorsal column tracts function that carries proprioceptive information. The SSEPs were made during the rehabilitation of the patients. However, SSEPs do not change significantly during the course after traumatic SCI. 19 
Experimental design
In the basic condition, normal level walking was investigated by the assessment of a 6MWT. This test was performed after the subjects had completed all other experiments. This was performed to investigate whether fatigue had influenced the task performance of the other tests. All subjects were instructed to walk at a normal speed. The 6MWT has a strong correlation with cardiovascular endurance 20, 21 and has been investigated for its validity and reliability recently in SCI patients. 10 Perceptual manipulations were investigated when walking on a treadmill. Before the experiment started, all subjects walked for 5 min on the treadmill at a speed of 0.69 ms À1 to become familiar with treadmill walking. After this, they had to walk with full and restricted vision on the treadmill. This was repeated after the obstacle experiment (see next paragraph) to investigate whether fatigue might have influenced differences in performance between SCI subjects and the controls. Restricted vision was achieved by wearing special glasses, which covered the visual field about 51 below the horizontal level. In this way, the subjects received no visual input about the treadmill and the legs.
Sensorimotor manipulations were investigated by means of an obstacle experiment. 22, 23 The subjects had to learn to step repetitively over the obstacle, as low as possible, without touching it. They performed three blocks, each consisting of 50 steps over the obstacle. There was a break of 5 min between successive blocks. In the first two blocks, the subjects stepped over the obstacle with full vision. In the third block, they had to perform the same task with restricted vision, wearing the same glasses as described above. During the whole experiment, the subjects wore their training shoes and a safety suspension vest was available for all subjects at request.
In general, the subjects walked on a split-belt treadmill (Woodway, Weil am Rhein, Germany) with a speed of 0.69 ms À1 . They were allowed to have hand contact with the parallel bars beside the treadmill. A custombuilt obstacle-machine was placed next to the treadmill in order to study repetitive stepping over the obstacle ( Figure 1a ). The obstacle consisted of a foam stick, 11 cm above the treadmill. It was attached to the obstacle machine in such a way that it folded back by slight touch and caused no stumbling. Eight onedimensional force sensors were located underneath the treadmill belts, one under each corner of each split-belt ( Figure 1a ). The force sensors underneath the right treadmill belt were used to indicate heel strike (HS1) of the right foot. HS1 started the movement of the obstacle ( Figure 1b ) and the recording of various experimental measures. After release, the obstacle moved with the same speed as the treadmill and the subject could step with the right foot over the obstacle without changing the rhythm of walking cadence. A short beep of 100 ms duration, which was provided at the middle of the stance phase (33% of the step cycle), served as a warning signal and indicated the approaching obstacle. After the subject stepped over the obstacle, the obstacle folded up at the end of the treadmill and moved back to its starting position. The time between obstacle steps varied randomly between 9 and 16 s, or 6-11 normal step cycles.
Data recording
The 6MWT could easily be assessed using a stopwatch and distance covered in the 6 min.
In the experiments that involved treadmill walking, the following measures were recorded: (a) leg muscle EMG signals, (b) joint movements, (c) vertical forces exerted by the subject on the treadmill, and in the obstacle experiment, (d) distance between the foot and Timing of all events during a single step over the obstacle and time periods during which the measures were analyzed. Abbreviations: HS, heel strike before (HS1) or after (HS2) stepping over the obstacle; TO, toe off before (TO1) or after (TO2) stepping over the obstacle; AWS, acoustic warning signal indicating the approaching obstacle; AFS, acoustic feedback signal indicating the level of foot clearance the obstacle and (e) number of obstacle hits. (a) EMG signals of four muscles of the right leg were recorded using surface electrodes: the rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA) and gastrocnemius medialis (GM) muscles. The EMG signals were amplified, band-pass filtered (30-300 Hz) and transferred together with the biomechanical signals to a PC using Soleasy software (ALEA Solutions GmbH, Zurich, Switzerland) via an analog-to-digital converter. All signals were sampled at 1000 Hz. (b) Ankle, knee and hip joint movements of the right leg were monitored using electrogoniometers (Biometrics Ltd, Gwent, UK) fixed at the lateral aspect of each joint. (c) The vertical forces measured by the force sensors underneath the right treadmill belt were used to determine HS1, toe off before stepping over the obstacle (TO1), heel strike after stepping over the obstacle (HS2) and second toe off (TO2). (d) The level of foot clearance was determined by a vertical linear array of eight light-sensitive diodes, which were attached to the obstacle machine above the foam stick (Figure 1a ). The lowest diode was placed 2 cm above the obstacle and the distance between each diode was 2 cm (3 cm for the upper two light sensitive diodes). The signal of the lowest activated diode was recorded for each step over the obstacle. Furthermore, the lowest activated diode provided an acoustic feedback signal about foot clearance to the subject. Greater foot clearance was signaled by a higher acoustic feedback signal. When the lowest diode was activated (optimal foot clearance), a double-beep signal (707 and 1400 Hz sinusoidal signal, 600 ms duration) was heard. The other feedback signals consisted of single beeps (125, 176, 250, 354, 500, 707 and 1000 Hz rectangular signal of 400 ms duration for the second lowest to the highest diode, respectively). (e) The number of obstacle hits was also recorded by the obstacle machine.
Data analysis
For assessing the effect of perceptual manipulation, 20 recorded step cycles were normalized to 1000 samples and averaged to one step cycle. Three parameters were determined: (1) double-support duration as a percentage of the normalized step cycle, (2) the strength of leg muscle activation as determined by the root mean square (RMS) of the rectified EMG signals and, (3) the range of motion (ROM) of the joint angles trajectories. Four different conditions were measured: before and after the obstacle experiment with full and restricted vision. To make the comparison between SCI patients and controls, the RMS and ROM values were normalized and expressed as percentages of the value measured before the obstacle experiment with full vision.
Sensorimotor manipulations were tested during the obstacle experiment. The EMG signals were rectified and for each step over the obstacle, the RMS was determined for an interval between TO1 and TO2 ( Figure 1b) . EMG recordings containing movement artefacts were removed from the analysis. Indeed, BF activity of one control subject could not be analyzed throughout the experiment. For the interval between TO1 and HS2, the ROM for each joint movement signal was calculated (Figure 1b) . The duration of the swing phase was determined by assessing the time interval between TO1 and HS2 using the ground reaction forces (Figure 1b) . Finally, foot clearance height was measured using the light-sensitive diodes. When an obstacle hit occurred, the foot clearance measurement was removed from the data analysis. Only obstacle hits that occurred between TO1 and HS2 were included in the analysis.
In general, the subject's performance improved when the measures decreased, 22 that is, (1) a lower level of foot clearance over the obstacle, (2) a decrease in number of obstacle hits, (3) smaller RMS values for leg muscle activation, (4) decreased ROMs of lower limb joints, and/or (5) a shortening of the swing phase duration over the obstacle.
Each block consisted of 50 steps over the obstacle. For every five steps over the obstacle, we calculated the average value of each measure for each subject. In each subject, each measure (except for foot clearance) was expressed as a percentage of the average value calculated over the first five steps over the obstacle. For easier interpretation, we calculated grand mean values with standard deviations (SD) of the normalized values (except for foot clearance) for each block of trials and for each measure.
Statistical analysis
Basic condition Differences in performance of the 6MWT were analyzed by a Wilcoxon ranked sum test.
Perceptual manipulations Differences in double support, RMS and ROM were analyzed by analysis of variance (ANOVA) for repeated measures with four levels of the within-subject factor (level walking with full and restricted vision before and after the obstacle experiment) and two levels of the between-subjects factor (SCI patients versus controls). Pair-wise comparisons were adjusted by the Bonferroni correction. Perceptual manipulations were tested for six SCI and six control subjects.
Sensorimotor manipulations To determine the differences in the performance between the groups and the blocks, we used the normalized values of the blocks in an ANOVA for repeated measures with subsequent Bonferroni's correction for pair-wise comparisons. We determined differences between the groups (two levels: healthy subjects and SCI patients), the three blocks and the interaction (groups Â blocks). Differences in the number of obstacle hits were also tested using ANOVA for repeated measures with subsequent Bonferroni's correction for pair-wise comparisons.
In addition, the rate of adaptive learning was assessed from the change in foot clearance, by fitting a power function 24 to the foot clearance data. One characteristic 
Results

Basic condition
The SCI patients covered an average distance of 524 m (SD ¼ 56 m), and the controls covered 554 m (SD ¼ 40 m) in 6 min (Figure 2a) . This difference was not significant (P ¼ 0.25). Figure 2b shows that during treadmill walking, patients had a significantly longer double-support duration (% of step cycle duration) compared to the controls (F(1,10) ¼ 8.62, P ¼ 0.015). There was no difference observed for condition or interaction. Table 2 shows the leg muscle activity and joint ROM recorded before and after the obstacle experiment with full and restricted vision. The measures are expressed as a percentage of the value obtained during the condition of treadmill walking with full vision, before the obstacle experiment was started. There was no difference observed for muscle activity and joint range of motion.
Perceptual manipulations
Sensorimotor manipulations
The number of obstacle hits differed between the blocks (F(2,18) ¼ 9.11, P ¼ 0.002). SCI subjects touched the obstacle significantly more when vision became restricted (mean ¼ 12.3 hits, SD ¼ 11.7, range 2-33), compared to the first block (mean ¼ 0.83 hits, SD ¼ 0.75, range 0-2, P ¼ 0.011) and second block (mean ¼ 0.5 hits, SD ¼ 0.83, range 0-2, P ¼ 0.008). The controls touched the obstacle also more frequently in the Figure 2 Locomotor characteristics: covered distance and double-support duration. (a) Box and whisker plot of the covered distance in the 6-Min Walk Test (6MWT) of seven spinal cord injured (SCI) and seven healthy subjects. The lower and upper 25% of the observations are presented as lines (whiskers) below and above the box, respectively. The box contains the middle 50% of the observations and is divided into two by the median (50th percentile). (b) Average double-support duration (with standard deviation) with full and restricted vision expressed as the percentage of the step cycle duration during normal treadmill walking. The recordings were made before and after the obstacle stepping experiment was performed. *Double-support duration was longer in SCI compared to healthy subjects (Po0.05) We correlated the number of obstacle hits in the third block, as a measure of complex adaptive locomotor task performance with the double-support duration recorded during walking with full and restricted vision before the obstacle experiment. We could analyze the data of only four control and five SCI subjects. For all subjects, Spearman's correlation coefficient (r) was 0.32 (not significant, NS; full vision) and 0.68 (P ¼ 0.04; restricted vision). If both groups were analyzed separately, r was 0.40 (NS; full and restricted vision) in the controls, but in the patients it accounted to À0.10 (NS; full vision) and 0.70 (NS; restricted vision). Figure 3 shows the averaged foot clearance values for each block of five trials for the healthy ( Figure 3A ) and SCI ( Figure 3B ) subjects. One SCI subject hit the obstacle 33 times in the third block. We removed these data from the analysis of the foot clearance, since 17 data points were considered too few, to analyze. To obtain equal power, we removed also the data of the matched control subject for the third block. For the healthy subjects, the adaptive rate was significant for both the full and restricted vision conditions, with regression coefficients being À0.172 (SE ¼ 0.033; Po0.001) for the first, À0.089 (SE ¼ 0.025; Po0.001) for the second and À0.403 (SE ¼ 0.046; Po0.001) for the third block. For the subjects with an SCI, the adaptive rate was not significant even for the more difficult condition of restricted vision, with regression coefficients being À0.058 (SE ¼ 0.048; P ¼ 0.23) for the first, À0.056 (SE ¼ 0.028; P ¼ 0.053) for the second and À0.073 (SE ¼ 0.064; P ¼ 0.26) for the third block.
Adaptive rate
The grand mean values and SD of the performance measures are shown in Table 3 . ANOVA for repeated measures showed that the foot clearance performance differed between the blocks (F(2,22) ¼ 24.87; Po0.001), but not between the groups. For the healthy subjects, the foot clearance was higher in block 3 compared to block 1 (Po0.05). For both groups, the foot clearance was higher in the third compared to the second block (healthy: Po0.001; SCI: Po0.01). Figure 4A shows the course of the RF EMG activity during the experiment. RF EMG activity differed between the groups (F(1,12) ¼ 11.17; Po0.01), the Figure 3 Course of the foot clearance during the obstacle avoidance task. Scatter-plots of the foot clearance for (A) the healthy and (B) SCI subjects during blocks (a) 1, (b) 2 and (c) 3. Each data point represents the average of five steps over the obstacle for each subject. The adaptive rate of the fitted power curve is presented as b 1 (regression coefficient). *Significant regression coefficient blocks (F(2,24) ¼ 43.57; Po0.001) and its interaction (F(2,24) ¼ 8.11; Po0.01). RF EMG activity was lower for the SCI subjects compared to the healthy subjects during block 2 (Po0.01) and a trend towards a difference during block 3 (P ¼ 0.08). For the healthy subjects, RF activity was higher during block 3 compared to blocks 1 and 2 (for both: Po0.001). For the SCI subjects, RF activity was less during block 2 compared to blocks 1 and 3 (for both: Po0.001). BF activity differed between the blocks (F(2,22) ¼ 9.94; Po0.001). For the healthy subjects, BF activity was less during block 2 compared to blocks 1 and 3 (for both: Po0.05). Figure 4B shows the course of the TA EMG activity during the experiment. TA activity differed significantly between the blocks (F(2,24) ¼ 29.85; Po0.001) and its interaction was also significant (F(2,24) ¼ 19.01; Po0.001). TA EMG activity was lower for the SCI subjects compared to the healthy subjects during block 3 (Po0.05). Furthermore, for the healthy subjects, TA EMG activity was greater during block 3 compared to blocks 1 and 2 (for both: Po0.001). In addition, TA activity was higher during block 1 compared to block 2 (Po0.01). GM EMG activity differed between the blocks (F(2,24) ¼ 4.39; Po0.05).
The hip ROM differed significantly between the blocks (F(2,24) ¼ 35.54; Po0.001) and its interaction was significant (F(2,24) ¼ 33.55; Po0.001). For the healthy subjects, hip ROM was increased during block 3 compared to blocks 1 and 2 (for both: Po0.001). The knee ROM differed between the blocks (F(2,24) ¼ 37.94; Po0.001) and the interaction was significant (F(2,24) ¼ 11.60; Po0.001). The knee ROM was increased in block 3 compared to blocks 1 and 2 (for both: Po0.001). For the ankle ROM, only the interaction was significant (F(2,24) ¼ 4.24; Po0.05). For the SCI subjects, hip, knee and ankle ROM did not differ between the blocks of trials.
The duration of the swing phase (Figure 4c ) was significantly different between the groups (F(1,12) ¼ 10.21; Po0.01) and the blocks (F(2,24) ¼ 41.04; Po0.001). Healthy subjects had a longer swing phase duration compared to SCI subjects during block 2 (Po0.05). Although the healthy subjects increased their foot clearance at onset of block 3, which did not occur in the SCI subjects, the difference was not significant (P ¼ 0.11). Furthermore, for the healthy subjects the swing phase duration was shorter in block 1 compared to blocks 2 (Po0.01) and 3 (Po0.001). For the SCI subjects, swing phase duration was longer during block 3 compared to blocks 1 and 2 (for both: Po0.001).
Discussion
The aim of the present study was to assess locomotor performance and the capacity for adaptive learning in well-recovered SCI individuals during gait challenges of different complexities. The study was based on tasks that represent different categories of recovery. 18 Owing to the small number of patients tested, the power of this study is limited, which makes it difficult to generalize findings to the population of subjects with an SCI. However, it presents some interesting findings that are worth further investigation in future studies.
The present findings are only partially in line with the temporal order of recovery after a lesion of the central nervous system as proposed by Mulder and Geurts. 18 According to this study, performance under simple conditions should improve first, followed by a gradual decrease in cognitive regulation and visual dependency. Finally, the reaction and anticipation on external disturbances, such as obstacles, should become normalized.
The first hypothesis could be partially accepted. In the basic condition, the healthy and SCI subjects showed no difference in distance covered during the 6 min of walking. The walking speed of both groups could be considered normal to high when compared to earlier studies, [25] [26] [27] moreover since in the present study the 6MWT was applied after all other tests were performed. However, a more detailed analysis of normal treadmill walking revealed that the well-recovered SCI subjects had longer double-support duration, which indicates that the basic function had not been fully normalized. This occurred already at a slow walking speed (0.69 ms À1 ). At higher walking speeds, larger differences in double stance duration between the healthy and SCI subjects might be expected. An increase in doublesupport duration is in line with a recent study. 28 During double support, there are smaller balance and muscle strength requirements than during the single support Figure 4 Time course of RF and TA EMG activity and the swing phase duration. Scatter-plots of normalized (A) RF muscle activity, (B) TA muscle activity and (C) swing phase duration for the (a) healthy and (b) SCI subjects. Gray areas present differences between the two groups in congruent blocks. Each data point represents the average of five steps over the obstacle for each subject. The measures were expressed as a percentage of the average value calculated over the first five steps over the obstacle. Note the different scales of the y-axis phase and thus double support enhances body stabilization. 29 In patients in early stages of multiple sclerosis, a prolonged double-support phase indicated a motor abnormality prior to any functional disturbance. 30 Increased double-support duration is also found in patients with slight knee arthrosis 31 and in patients recovering from stroke, when a cognitive task is applied. 32 Although hand contact might have reduced the balance requirements during single support in the present study, it should not have influenced the percentage of stride cycle spent in double support. 33 Furthermore, double-support duration measured during walking with restricted vision appears to be strongly correlated with the performance of the more complex locomotor task. Therefore, the assessment of doublesupport duration with restricted vision could be of clinical interest to determine locomotor deficits in SCI subjects.
With respect to the second hypothesis, the SCI subjects in the present study already passed the second stage according to Mulder and Geurts. 18 The perceptual manipulation experiment with restricted vision had no influence on level walking on a treadmill.
With respect to the third hypothesis, there were some differences between the two groups in the acquisition and performance of the sensorimotor manipulated task, that is, repetitive stepping over an obstacle. The goal of the task was to minimize foot clearance without touching the obstacle, that is, to perform a highprecision task. While foot clearance in SCI subjects did not show a similar adaptation as able-bodied subjects did, we suggest that the well-recovered SCI subjects indeed could improve their performance; however, with higher variability. This might indicate that sensory impairment indeed affects the process of motor learning in these subjects negatively. In addition, the number of obstacle hits increased in both groups when vision became restricted, but only significantly in the SCI subjects. In this condition, the subjects needed to integrate the acoustic (foot clearance) and tactile (obstacle hit) feedback, while proprioceptive and tactile information were used to control the leg movements. Of the three SCI subjects who most frequently hit the obstacle, two had pathological SSEPs. Therefore, the poorer performance could be due to defective proprioceptive and tactile mechanisms.
The poorer performance could also partially be explained by the high balance requirement of the task. The slow walking speed, which was used in the experiment, increases the time needed to step over the obstacle. This implies longer single support duration of the trailing leg, which would increase balance and strength requirements. Impaired stability of this leg might have affected the performance of the leading leg negatively. Indeed, the SCI subjects who touched the obstacle most frequently had some weakness of extensor muscles (triceps surae and/or gluteal muscles) as assessed with manual muscle testing, which are important in maintaining balance. [34] [35] [36] However, relative small deficits in muscle strength could not be determined using manual muscle testing. Furthermore, even in healthy subjects, an increase in attentional demand evolves in parallel to an increase in balance requirements during walking. 29 For SCI subjects, walking required more attention than for healthy subjects 13 and requires more working memory capacity, which might be responsible for the poorer task performance.
In general, muscle activity decreased during blocks 1 and 2, which indicates that the task was performed more efficiently. 22 However, it appeared that the normalized RF and TA muscle activity were higher during blocks 2 and 3 in healthy compared to SCI subjects. This might be explained by the normalization method. Healthy subjects might have performed the task initially with less muscle activity. Then, at onset of the third block, they stepped higher over the obstacle, which is associated by a longer travel path 37 and required more muscle EMG activity. In contrast, already at onset of the experiment, the SCI subjects might have performed the task with relative high muscle activity. Although the foot clearance increased at onset of the third block, they did not largely increase muscle activity nor swing phase duration, which might partially explain the increase in obstacle hits in the third block of the SCI subjects.
SCI and age
The oldest SCI subject (59 years) touched the obstacle 33 times during the third block with restricted vision. In addition, we found a strong linear relationship between the age of the SCI subjects and the number of obstacle hits they made in the third block (r ¼ 0.87, Po0.01). This relationship was less strong for the control subjects (r ¼ 0.51, not significant). This suggests that the combination of age and SCI strongly influences locomotor performance. Indeed, the recovery of locomotor function in SCI subjects with ASIA C depends on age. 38, 39 A previous study that investigated the same obstacle task in healthy young and elderly subjects found that the elderly touched the obstacle significantly more compared to the young ones and were not able to reoptimize foot clearance with restricted vision. 40 It is suggested that the combination of age and motor impairment, rather than each factor separately, affects the acquisition and performance of a locomotor task, especially with restricted vision. However, future studies are needed to substantiate this issue.
Methodological considerations
Sensory impairment in the dermatomes of the foot (L4-S1) in combination with wearing shoes, might have led to a reduced perception of obstacle hits in the SCI subjects. Unawareness of an obstacle hit would clearly not lead to an improvement in task performance, especially during block 3. However, we expect that it is unlikely that this accounted for the poorer performance during the obstacle experiment. Mainly three subjects touched the obstacle more frequently and this occurred randomly during the block, which indicates that they perceived the obstacle hit and adapted the leg kinematics accordingly to increase foot clearance. It was unlikely that fatigue caused the poorer performance of the SCI subjects during the obstacle experiment, since the 6MWT (performed after all other tests were finished) did not differ between the groups and the walking speed was according to the literature, [25] [26] [27] normal to high.
Conclusions
In conclusion, at first sight, there appears to be no difference in walking function in these well-recovered SCI subjects, when assessed with a clinical test. A more detailed analysis shows, however, that these SCI subjects require a longer double-support duration and have greater difficulty in performing, but especially in acquiring, a new adaptive locomotor task. We suggest that rehabilitation programs should focus more on practicing locomotor skills under conditions with reduced sensory inputs, such as restricted vision. In addition, such programs should also train patients in adapting their gait pattern to external demands such as avoiding obstacles. The relatively simple measure of double-support duration analyzed during walking with restricted vision was strongly correlated to the complex adaptive locomotor performance. Future studies might focus more on the use of this measure as a clinical tool to predict locomotor performance in patients with a motor deficit or as a follow-up measure to assess improvement in walking function.
